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The application of qualitj control procedures, in addition to conventional 
maximum and minimum limits, is an important factor in the manufacture 
of components for the L3 carrier repeaters. In this application, control chart 
techniques are used for providing assurance that the average of each charac- 
teristic subject to control is held close to a desired value and that, collectively, 
individual units have a desired distribution about this average value. The 
three-cell method is frequently used under certain conditions encountered in 
the manufacture of these components when sampling procedures cannot be 
applied. This method consists of measuring each unit of produx:t, classifying 
conforming units into one of three cells and the selection of groups of five 
units each to provide the desired distribution. Case histories of a number of 
factory applications of these methods are presented. 

1.0 Introduction 

1.1 GENERAL 

Statistical quality control methods are well known and useful indus- 
trial tools for economically controlling quality during manufacture. 
These methods have as one of their goals the shipment of product meet- 
ing the end requirements for a particular quahty characteristic. The 
application of such methods also makes possible the delivery of a product 
whose quality is statistically uniform as, for example, having a dis- 
tribution whose average is maintained consistently close to the design 
center. Bell Telephone Laboratories engineers ha^'e made use of these 
principles in the development of the new L3 long distance carrier system 
which will employ hundreds of repeaters in tandem. 

An important factor in the application of statistical quality control 
methods is the specification of distribution requirements in addition to 
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conventional maximum, and minimum limits for the characteristics of 
many of the components manufactured for the new repeaters. The in- 
troduction of distribution criteria where maximum and minimum are 
customarily specified requires a number of operations which are supple- 
mentary to normal procedures. The relatively simple act of identifying 
good product becomes complicated by the need of more extensive meas- 
urements, the recording of data, computations, plotting of charts and 
the active participation of technical personnel in the administration of 
the procedures. 

The first step in the program was the development of practical sta- 
tistical quality control techniques which would be applied under the 
special circumstances attending the design and manufacture of compon- 
ents of L3 carrier repeaters. This required careful study by Bell Tele- 
phone Laboratories and the Western Electric Company and resulted in 
the development of a general specification which provides procedures and 
criteria for maintaining the average value of a quality characteristic close 
to a nominal value and for obtaining as nearly as possible a random dis- 
tribution of individual values around the nominal. The purpose of this 
paper is to discuss the procedures thus developed mth emphasis on their 
relationship to manufacturing processes and to describe the problems en- 
countered and solved in the course of application to the manufacture of 
components of L3 carrier repeaters. Detailed mathematical derivations 
and terms will be generally omitted since the theories underlying the 
principles involved are covered by another article. 

1.2 PARTICIPATION IN DEVELOPMENT 

Normal practice in the creation of new product designs is for the de- 
velopment and construction of the first models to be handled by the 
design engineers. This work usually includes discussions with the manu- 
facturing organization in order to minimize the costs and to utilize exist- 
ing or most effective manufacturing facilities and various preferred or 
stocked materials. In the case of the critical components of the L3 carrier 
amplifiers, a design change in one component resulting from the transi- 
tion from development to production requires especially close study and 
may require an adjustment in other components in order to compensate 
for the one being changed. Knowledge of the behavior of regular manu- 
facturing facilities and methods used in the fabrication of preproduction 
units provides considerable assistance in establishing specification limits 
which are compatible with the product design and manufacturing process 
capabilities. 
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1.3 SEQUENCE OF MANUFACTURING OPERATIONS 

The application of distribution requirements places added emphasis 
on the proper sequence of the various operations required for the fabrica- 
tion of the product. Normally, any assembly or finishing operation follow- 
ing a process adjustment of a particular characteristic is designed to keep 
that characteristic mthin maximum and minimum limits in the final 
state. Such procedures often fail to satisfy the desired distribution and 
it is necessary to rearrange the sequence of operations. Once the proper 
sequence is established it must be rigidly maintained. 

1 .4 TESTING 

As a result of refinements in design and in production methods em- 
ployed for the critical components of the L3 amplifiers, the design en- 
gineer has in many instances been able to specify limits closer than ever 
before attained. The specification of such close limits may tax the pre- 
cision of factory testing equipment and in many cases it has been neces- 
sary to develop and construct new electrical and mechanical inspection 
facilities. Measurement reproducibility as well as accuracy in terms of 
absolute values is important since the measuring instrument ordinarily 
indicates variations in repetitive readings, even though the product be- 
ing measured remains constant. Once the characteristics of the measur- 
ing iiistrument are determined and used as a basis for the specification 
of limits, the measuring facility becomes an important part of the dis- 
tribution control system and must be controlled the same as all other 
elements of the system. This means careful watch over the maintenance 
of factory inspection facilities so that these characteristics are controlled. 
Obviously, an adjustment made on the measuring instrument in the 
course of regular maintenance which introduces a signifieant bias or 
shift, even though well within accuracy limits, may have to be taken 
into consideration in the use of the instrument. One method of minimizing 
this problem is to employ stable fixed standards whose characteristics 
are numerically equal to or near the nominal value of the products being 
tested. Such standards can be used for either calibrating the instrument 
or as comparison standards in the actual measurement of the product. 
These auxiliary standards must still be periodically checked and extreme 
care taken to prevent any shift in their characteristics. 

2.0 Quality Control Methods 

2.1 conventional statistical quality control methods 

The concept of control as used here includes the use of data resulting 
from measurements made on product produced under the same essential 
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conditions. The curve whicli can be used to represent the observed 
frequency distribution of data obtained under controlled conditions may, 
for most practical purposes, be illustrated by the shape shown in Fig. 1. 
The characteristics of this curve are mathematically represented by the 
average X (arithmetic mean) and the standard deviation c (the root- 
mean-square deviation of individual values from their average X). 

The control chart techniques as originally developed by Walter A. 
Shewhart^ of Bell Telephone Laboratories provide economical methods 
for measuring and evaluating the characteristics of such distributions. In 
practice they are useful in obtaining an estimate of the capabilities of 
manufacturing processes, sometimes referred to as the "natural toler- 
ances" of the process and in maintaining control at that quality leveL 
In general, a process having a controlled distribution with an average X 




rig. 1 — The ideal frequency diBtribution for obaervations obtained under con- 
trolled conditions. 

and a standard deviation a will result in practically all of the individual 
units of product falling within the band X ± 3<r. 

Conventional quality control techniques are used by both the design 
and manufacturing engineers. The design engineer, in order to specify 
tolerances compatible with the design needs and the capabilities of ec- 
onomical commercial manufacture, applies the techniques to a reason- 
able number of preproduction models or possibly to a limited quantity 
of initial regular production. The manufacturing engineer in turn uses 
the techniques for determining the capabilities of existing or new manu- 
facturing facilities in order to select the most effective facilities and 
methods. The techniques are also effective tools for locating aiid elun- 
inating assignable causes of manufacturing variations, while then' con- 
tinued use as a regular part of the manufacturing process provides an 
excellent contribution to effective quality control. In these applications 
there usually exists a substantial margin between the ±3(r variation 
around the nominal value and the specification limits. This is illustrated 
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as specification limits, 1-1 in Fig. 2. The margin is attained either by 
improvement of the manufacturing processes or by widening the specifi- 
cation limits. This means that occasional out-of-control conditions can 
be indicated by the control chart ^\'ithout the factory being faced with a 
shut down in production, provided that corrective measures are taken 
before the magnitude of the deviations results in any significant quantity 
of the product failing to meet the specification limits. 

The contrasting situation occurs where the spread between the maxi- 
mum and minimum specification limits becomes equal to or less than the 
6-sigma spread of the manufacturing process, as sho\vn in Fig. 2. For 
specification limits 2-2, production must be stopped every time an out- 
of-control condition is indicated or 100 per cent inspection introduced 
until the cause of the condition is located and eliminated. In the case of 
specification limits 3-3 in Fig. 2, 100 per cent inspection must be continu- 
ously applied in order to eliminate non-conforming product as shown in 
the shaded portion under the distribution curve. 

2.2 SPECIAL STATISTICAL QUALITY CONTROL METHODS 

The special statistical quality control techniques developed for L3 
carrier components present a special problem. Here they become an ac- 
tual part of the product specification, rather than an aid in meeting it, 
although conventional methods may still be useful for process control. 
It was recognized that any attempt to express specification limits in 
terms of a ±3ff variation around the nominal would have to include 

LIMITS SPECIFIED FOR INDIVIDUAL PRODUCTS 

MINIMUM MAXIMUM 

12 3 3 2 1 




Fig. 2 — The relations between a frequency distribution of individual units of 
product and various apccitied maximum and minimum limits. 
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allowances for the process average to vary a reasonable amount around 
this nominal. The methods developed and included in the general speci- 
fication allow the process average to vary within a band of zt^o- around 
the nominal which results in lunits for individual units of product, desig- 
nated as "A" limits in the specification, equal to nominal (N) ± 3j^ (T. 
The value chosen represents a balance between the needs of the operat- 
ing requirements of the product and the difficulties of maintaining closer 
controls in the factory. 

In Fig. 3 the permissible variation of individual units of product is 
represented by a Normal distribution ciu-ve displaced ±}i<T from the 
nominal N. Since the specification lunits are represented by =tA, the 
allowable variation in the process average is ±0.1 A. 

This is a severe requirement, for in spite of the care employed in col- 
lecting data during the preproduction period for computing the "natural 
tolerance" of a manufacturing process, there is always the danger that 
all the variations which are an unavoidable part of regular production do 
not occur during the time data are collected. There could be periods 
after manufacture has started when the factory could not determine 
whether the out-of-control condition was one which should be promptly 
eliminated or whether some important characteristic of the process 
which had not occurred earlier had made its appearance. At this stage 
it is important to have available some method for sorting product al- 
ready manufactured which will meet the desired distribution pattern 



LIMITS SPECIFIED FOR INDIVIDUAL PRODUCTS 



MINIMUM 



MAXIMUM 




Fig. 3 — The relations between a frequency distribution of individual units of 
product and specified maximum and minimum limits when the average or nominal 
is allowed to vary ±J^ff, 
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SO that large inventories will not accumulate in the factory and deUvery 
commitments can be met. Such a method requires the measurement and 
classification of the product into groups or cells, followed by the selec- 
tion of units from such cells in accordance mth a required distribution. 
Although this method requires 100 per cent inspection instead of sam- 
pling inspection permitted by the use of control charts it was estimated 
that this method would be used extensively until new manufacturing 
processes were thoroughly proven and sufficient data collected to fully 
establish a process capability. 

2.3 THE GENERAL SPECIFICATION 

Anti(!ipated application required consideration and development of 
methods for the wide variety of manufacturing conditions likely to be 
encountered in the production of such items as coils, condensers, resistors 
and vacuum tubes. These products may be manufactured at widely sep- 
arated fa(rtories for assembly in equipment at still another location. In 
order to assist in the description of the factory applications, to be 
presented later, the methods developed which are referred to as "dis- 
tribution requirements" in the general specifications are listed and briefly 
described below. With the exception of the Records method, distribution 
requirements are applied to only one characteristic of a product. If ap- 
pli(^ation to more than one characteristic is desirable a method suitable 
for use as a basis for shipment of the product is selected for the most 
important characteristic and the Records method is specified for the 
remaining characteristics. 

1. Continuous production method. 

2. Batch production method. 

3. Three-cell method. 

4. Records method. 

2.31 Coniirmous Production Method 

This method is for application where production comprises a reason- 
ably steady succession of indi\ddual units or small groups of units of 
product from a common source so that individual units as produced may 
be kept in the order of their production. The criteria of this method apply 
to a series of units or groups of units of product arranged in the order of 
their production and are based on the use of control charts for averages 
and ranges for samples of 5 units each. Examples of typical control charts 
are shown in Figs. 4 and 5. 

The inclusion of an allowance for the long time variation in the level 
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of the process average results in the use of two sets of control limit lines 
for averages in place of the one used for conventional methods. These 
consist of: 

(1) A relatively narrow band equal to A'' ± O.IA {N ± Ho-), desig- 
nated in the general specification as "D" limits. 

(2) The normal 3-sigma limits for averages of samples of 5 units 
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Fig. 4 — ^ A typical control chart (1507E inductor). 
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placed outside the first band equal to JV ± 0.5A, designated in the gen- 
eral specification as "C" limits. 

The control limit for ranges is the customary upper 3-sigma value 
computed by regular methods,^ and equals 1.48A. This is designated in 
the general specification as the "E" limit. The product specification re- 
quirements are expressed in the form N ± A so that the calculation of 
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the various control limits for factory use is a relatively simple operation. 
A typical example is the 1507A Inductor where the inductance require- 
ment is expressed as 283.9 ± 20 microhenries. 

Then the "C" limits = 283.9 ± 0.5 X 20, = 293.9 max., 273.9 min. 
microhenries, and the "E" limit = 1.48 X 20 = 29.6 microhenries. 

Since the distribution requirements are a part of the specification, the 
product must meet rather exact criteria in terms of the limiting condi- 
tions previously described, even though they may appear complicated 
in terms of the usual manufacturing procedures. In the case of the Con- 
tinuous production method the criteria are applied to the samples of 
5 units each, in two steps, (1) to establish eligibility, either at the start 
of production or when eligibility is lost and (2) to maintain eligibility 
when once established. Prior to the establishment of eligibility or when 
eligibility is lost the three-cell method is applied. 

Criterion 1 

Eligibility is established as soon as 7 consecutive samples of 5 units 
satisfy the following: 

(a) The averages, X, all fall within the C limits. 

(b) The ranges, R, all fall below the E limit. 

(c) Seven consecutive averages, X, are not all outside the same D 
limit (not all above the upper D limit or all below the lower D limit.) 

Criterion 2 - • , 

Eligibility is maintained as long as each current sample of 5 units 
satisfies the following: 

(a) The average, X, either 

1. falls within the C limits or 

2. falls outside the C Umits but at the same time all of the 6 
preceding consecutive averages fall within the C limits. 

(b) The range R either 

1. falls within the E limit or 

2. falls outside the E limit but at the same time all of the 6 pre- 
ceding consecutive ranges fall within the E limit. 

(c) Seven consecutive averages X (the current sample and the six 
preceding samples) do not fall outside the same D limit. 

2.32 Batch Production Method 

This method is for application where production consists of intermit- 
tent batches of 50 or more units, all of which have been made under the 
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same essential conditions with respect to materials, parts, workmanship 
and processing. The criteria of this method apply to a series of batches 
or lots of product arranged in the order of their production and are based 
on the use of control charts for averages and standard deviations for 
samples of 50 units each. 

The control limits for averages are for 50 units of product and also 
include an allowance for the long time variation in the level of the process 
average. They are represented by a band A'' ± 0.23A which is equal to 
the customary' 3-sigma control limits for averages of 50 units placed 
outside a band corresponding to A'' ± O.IA (N ± ^^(t) and are desig- 
nated in the general specification as "C" limits. In this method the "E" 
limit in the specification is the control limit for the standard deviation 
(tr) of a sample of 50 units and equals 0.41A. 

For this method a batch, represented by the sample, is considered 
conforming if the sample meets the following criterion. 

(a) The average X, falls within the C limits. 

(b) The standard deviation, a, either: 

1. falls within the E limit; or 

2. falls outside the E limit but at the same time all of the 6 pre- 
ceding consecutive standard deviations fall within the E limit. 

2.33 Three-Cell Method 

This method is for application whenever the product fails to meet the 
criteria of the first two methods or where the manufacturing conditions 
dictate its use. When maximum and minimum limits are specified the 
method consists of testuig or measuring each unit of product and classi- 
fying conforming units in one of three cells: Lower, Middle or Upper. 

The distribution is showTi graphicaUy in Fig. 6. Groups of 5 units of 
product are selected from this classification so as to meet one of the two 
distributions given in Table I and maintained as such for shipment. 

In order to provide a graphic record of whether or not the manufac- 
turing process is in statistical control, this method includes procedures 
for obtaining control chart data based on samples of product taken from 
regular production before classification. 

2.34 Records Method: 

This method is for application when it is not practicable to impose the 
requirements of the other methods but it is still desirable to systematic- 
ally maintain a graphic history of the measurements made on a 
quality characteristic. Action required to maintain the distribution of 
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the product within the limits implied by the control charts is left to the 
initiative of personnel administering the application of the method. 

The records are based on measurements on samples of 5 units each 
selected at random prior to the regular inspection of individual units for 
conformance. The number of such samples should be adequate to provide 
a control chart record of the quality of the product. 

In all of the methods described except the one requiring records only, 
the final product is packaged in groups of 5 units for shipment. When an 
order calls for a quantity other than an integral multiple of 5, the frac- 
tional part of the group shall consist of units randomly selected from a 
group which has been previously packaged. 

3.0 Factory Application - 

3.1 GENERAL 

The Distribution Requirements are being applied to 91 components 
consisting of 31 different codes of product used in the L3 carrier repeat- 
ers. In addition, Record methods are applied to 66 characteristics of the 
line and office ampUfiers. 

The components involved are identified in Table II. 

These products require the maintenance of over 100 control charts in 
the factory in a form suitable for reproduction since engineering review 
of the results is necessary for adjustment of limits. Many of the charts 
are prepared and handled by factory personnel who required and re- 
ceived training in order to provide assurance of accurate results. Com- 
prehensive instructions were prepared in order to assist in this training. 




Fig. 6 — A three-cell pattern superimposed on a frequency distribution of 
individual units of product when the average ia allowed to vary ±}^<r. 
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Table I 



Distribution 




Number of Units 




Lower Cell 


Middle Cell 


Upper Cell 


1 
2 


1 




3 
6 


1 




A number of special forms were developed to facilitate the preparation 
of control charts, two of which are shown in Fig. 4 and Fig. 5. Since these 
control charts are directly related to the manufacture of the product, the 
cost of their preparation is included in the cost of the product, either by 
having the operation handled by production personnel or by the ap- 
plication of appropriate cost factors. This required in many cases the 
preparation of specific instructions to factory personnel in the form of 
manufacturing layouts which are also used as a basis for computing 
manufacturing costs and wage incentive rates. 

One of the most serious problems in the application of these methods 
is the accumulation of large inventories of product when the manufactur- 
ing processes fail to meet the distribution requirements. In the case of 
regular maximum and minimum limits, procedures for the disposal of 
non-conforming product are direct and well kno\\'n. In the case of dis- 
tribution requirements however, there may be substantial quantities of 
product which meet the "A" limits but fail to meet the required dis- 
tribution. Product which originally cannot be packaged must be put 
aside mth the hope that product subsequently manufactured will result 
in combinations which will meet the required distribution. The discussion 
of applications to the products listed in Table II will show that a great 
measure of success has been realized in the solution of this problem. 

Table II 

XT _i, _ n( Number of 

Desedption DifcWd. ^^^X^^'" 

Controlled pitch single layer coils (AWA, 302, 320, 

1500, 1507 type) 

Mica capacitors (500 type) 

Quartz disc capacitors (505 type) 

Carbon deposited resistors (200 type) 

Quartz input-output transformer (2504 type) . . . 
Vacuum tubes 

Total 
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3.2 APPLICATION TO COILS 

3.21 Single Layer Type Inductors 

The problems encountered in the application of quality control tech- 
niques to the various codes of the single layer type coils follow a similar 
pattern so that a discussion of any one code covers many of the condi- 
tions common to the entire group. The early application of distribution 
requirements to L3 carrier coU characteristics was associated with the 
development of the 1500-type inductor commonly referred to as the 
"Splitting Coil". This coil derives its name from its primary circuit 
function of separating or splitting the transformer winding capacitance 
from the input capacitance of the amplifier vacuum tube. The circuit in 
which this coil is used permits an estimated variation in inductance from 
a desired value of approximately ±^ per cent, which includes manu- 
facturing deviation, aging and temperature effects. A coil of this type 
having such close tolerances could not be produced economically with 
normal manufacturing methods. At this point the use of control chart 
methods played an important part in the development of tolerances and 
measuring techniques. The control chart techniques combined with the 
simultaneous development of manufacturing methods and sources of 
critical raw material have permitted the widening of limits of coils under 
the general distribution specification using "A" limits of ±1 per cent in 
place of the originally estimated limits of ±^ per cent mthout a con- 
trolled distribution. 

The splitting coil consists of a single layer winding wound on a ceramic 
form under a tension of 50 to 75 per cent of the wire breaking strength. 
The winding is terminated in lead wires which have been secured in holes 
located in the ceramic core transverse to the axis of the coil. The use of 
the ceramic core on this coil has reduced the temperature and aging 
effects to the point of becoming negligible, due to the nature of the core 
material and winding conditions. Major factors affecting the inductance 
variation are as follows: 

a. Diameter of wire — ■ standard commercial tolerances on mre of the 
sizes used, equalling ±0.0003" will produce a variation in coil inductance 
of approximately ±0.15 per cent. 

b. Diameter of core — a variation of core diameter of 0.0005" will 
produce a variation of approximately ±0.5 per cent in the coil induct- 
ance. 

c. Length of winding — a variation in the nominal length of winding 
of ±0.001" "v^'ill result in a variation in inductance of about ±0.13 per 
cent. 
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During the initial period of manufacture of these inductors, it was 
foiuid that the seriousness of the variations in inductance, contributed 
by the wire diameter tolerance, could be minimized by selection of the 
wire stock. Experience has indicated that because of the small amount 
of wire used per coil, this procedure can be followed without undue losses. 

The variations contributed by the core diameter tolerance have been 
minimized by the introduction of a ground core having a diameter tol- 
erance of ±0.0002". By virtue of the manufacturing methods introduced 
by the core manufacturer to meet this close diameter tolerance, a fairly 
normal distribution of the core diameter was obtained. 

In addition to the variables due to the material used for these coils 
there were substantial variations in inductance inherent in the Avinding 
machines and operator winding techniques particularly in the attach- 
ment of the wire to the terminals. Early control charts showed an erratic 



Fig. 7 — A shadowgraph of a coil winding showing irregularities in the wire 

B[))i(.MTig due to noil -uniformity in pitch control of winding machine. 

variation of inductance which was traced chiefly to backlash in the 
winding machine. 

Fig. 7 i.s a .shadowgraph of the coil winding showing the irregularities 
in the wire spacing due to non-uniformity in the pitch control of the 
winding machine. In addition to this variation, trouble was experienced 
in maintaining pitch control at the end of the winding due to the neces- 
sity of sanding the lead before splicing to the terminal. This latter varia- 
tion was brought under control by the introduction of a type of wire 
which can be soldered to the terminal without mechanically removing 
the insulation, thus avoiding the loss of the winding machine accuracy 
of spacing and tension. After numerous machine modifications, satis- 
factory control of the winding pitch has been obtained so that \\'ith 
normal variations, the inductance of the coils is mthin the distribution 
requirements of the specification. This uniformity of winding is illus- 
trated in the shadowgraph in Fig. 8, which is a typical example of current 
product. The type of machine modifications required to produce this 
improvement in product control included the foUo^ving: 
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1. Eliminate slack in gear train by introduction of loaded gear drive. 

2. Provide a constant force spring load on the worm drive so that the 
distributor exactly follows the cam m^otion. 

3. Miniaturize wire guide assembly so that vnre as placed on winding 
core \vill more closely follow the distributor motion. 

4. Improve spindle bearings and distributor alignment. 

5. Provide improved shut-off counter so that machine will give exact 
winding turns without overrun. 

Although it might appear from the above discussion that winding 
coils on a controlled pitch basis will automatically result in the product 
having a normal distribution around a specified nominal inductance, the 
desired result can only be attained by continued vigilance, as many un- 
predictable variations will creep into the process from time to time. 
Gradual changes in control are readily observed from the charts, and in 



Fig. 8 — A shadowgraph of a coil winding showing uniformity of winding nec- 
essary to meet distribution requirements for inductance. 

many cases, are enough indication to show need of replacement or repair 
of worn winding-machine members which control the winding pitch of 
the coil. 

The 320-type retardation coil used in the cosine equalizer of the L3 
system, requires all of the control vigilance of the splitting coil and, in 
addition, has introduced the necessity for even further winding precau- 
tions. Although this coil has the same per cent tolerance as some of the 
other coils manufactured under this specification, it is more difficult to 
control, since it has only about one-tenth as many turns in the ^vinding 
as most of the other coils. The major inductance variations in this coil, 
therefore, are controlled by the variation in the end turn location and 
the winder checks the inductance by a continuous samplmg of the 
product during the winding procedure. It is thus possible to promptly 
make necessary modifications in the location of the final turn to main- 
tain the inductance distribution within requirements. Experience has 
shown that normal variations from operator to operator can run as high 
as }^ per cent on coils having a tolerance of 1 per cent, imtil the operator 
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becomes sufficiently skilled in the terminating methods. Thus, in order 
to obtain a product having normal distribution, close control of the 
\vinding operation must be maintained. 

In addition to the above-mentioned single layer type coils, there is 
another general family of coils wherein distribution controls are useful 
during the initial period of development. The 1507 type, referred to as 
L-E, inductors, are precise low-Q single-layer inductors wound with re- 
sistance wire on closely-controlled, low temperature-coefficient core 
tubes. These inductors are used in the input feedback network and as 
plate-feed inductors in the L3 amplifier, and are units which combine 
resistance and inductance in a single product. The stability of these coils 
is obtained by winding on a ceramic core form, similar to that used in 
the "splitting" coil, and using a low temperature-coefficient resistance 
wire in the winding. Simultaneous control of the resistance and induct- 
ance of this coil is obtained by the calibration of the winding machine 
setup to fit the resistivity of the wire used on the coU. Once the required 
turns and pitch have been determined for a given spool of wire, experi- 
ence has shown that the resistance control will remain valid until the 
wire from the spool is exhausted. 

The problem of making an accurate electrical measurement of a low Q 
inductor is a difficult one to resolve and it is here that an accurate control 
of testing methods by means of statistical analysis was employed. When 
an inductance (La) and a resistance (K) occur as series elements and the 
combination is shunted by the residual capacitance (C) across the bridge 
terminals, the resulting measm-ed inductance is equal to that of the 
original inductance minus the product of the capacitance and the square 
of the resistance. 

Measured inductance = Lo — CR 

The above equation is generally true in the case of coils where the in- 
ductive reactance is small compared to the resistance. If standard test 
procedures were followed to make the measurement of inductance, using 
the familiar Maxwell Bridges,^ an error would be introduced due to 
residual bridge and test jig capacitance. This would make the measured 
value considerably different from the coil inductance and would be de- 
pendent upon this residual capacitance and the coil resistance which 
could not be controlled with any degree of uniformity. Parallel resonating 
capacitance techniques are inadequate for the accuracies required, since 
the shunt equivalent of a very low-Q inductance is equal to that in- 
ductance divided by Q^. Determination of inductance by this method, 
while better than the Maxwell Bridge method, is subject to errors due 
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to the inadequate readability of the capacitance standard of available 
test facilities. 

Since the theoretical values of resistance and inductance are specified 
by design, the following methods of determining actual design parameters 
are used: 

A. Determine mathematically, or by experiment, the number of turns 
of a given resistance wire wound on the core tube to produce the required 
resistance. 

B. Wind high Q inductors using copper wire of the same diameter as 
the resistance wire and having the same number of turns as determined 
in Step A, varying the winding pitch to produce the required inductance. 

C. Wind low Q inductors with the wire and number of turns of Step A 
and the pitch as determined in Step B. 

D. Make Maxwell Bridge inductance measurements for the two 
groups of low and high Q inductors. The two sets of readings are then 
subjected to a statistical analysis to insure that the processes are in con- 
trol so that the data may be used in selecting a nominal coU from the 
low Q group to use as as a reference standard. While it is true that the 
apparent value of the resistance-womid inductors will be appreciably 
less than those of the copper wire variety, due to the CR^ correction, the 
nominal intrinsic inductances of the two groups of coils will be the same, 
due to their identical physical geometry. 

Thus, by a method of comparison of two sets of readings, each of which 
is within process control, it is possible to select coils which can be used as 
reference standards. Any measurement which is made on a bridge set up 
from this reference standard will require correction of the inductance 
reading to compensate for the resistance variation. Self -compensating 
bridge methods have been developed whicih make it possible to read 
with good accuracy, directly on the bridge, the low Q coils covered by 
this family of inductors. 

During the initial production of the 1507 -type inductors, it was found 
expedient, for easier maintenance of control of the resistance and in- 
ductance variations, to use a nine-cell post-office method (three-cell by 
three-cell) which permits selection of product in any one of five ways 
using diametral axes, yet still maintaining the specification distribution 
covered by the three-cell method. The nine-cell method has gradually 
become less important, as experience has been gained mth the use of the 
winding machines and control of mnding operator variations. 

Table III gives the over-all results of production of single-layer induc- 
tors and retardation coils, over a period of approximately one year. It 
can be seen that the design and production facilities are such that it is 
possible to manufacture a product within the requirements imposed by 
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Table III — Yield of Coils Produced Under the Distribution 

Requirements 



Code 



AWA21 retard . 
AWA22 retard . 
302AW retard . 
302AY retard., 
302BA retard . . 
302E retard . . . 
320F retard.... 
320G retard . . . 
320M retard , . . 
320N retard . . . 
320P retard... , 
1500A inductor 
1500B inductor 
1507 A inductor 

1507C inductor 

1507D inductor 

1607E inductor 



Nominal Values 

L — Microhen ri es 

R— Ohms 



L- 
L- 
L- 
L- 
L- 
L- 
L- 
L- 
L- 
L- 
L- 
L- 
L- 
L- 
R 

L- 
R- 

L- 
R 

L- 
R 



191.61 
166.2 
■1.58 
3.70 
1.425 
■3.52 
■26.11 
■19.62 
■1.428 
■18.0 
■0.874 
■43.53 
■40.44 
■283.9 
-260.8 

-78.2 
-2025 

-6.5 
-166.6 

23,9 

-1655 



Tolerance 
Per cent 



Total Production Ac^^^aUdUn- 



1.0 
2.0 

10.0 
5.0 
1.3 
1.1 
1.7 

10.0 
1.0 
2.0 
1.0 
1.0 
1.0 
7.0 
7,0 

4,0 
2,0 

2,0 
5.0 

5.0 
5.0 



514 

342 

545 

410 

702 

514 

702 

653 

307 

54 

10122 

1883 

738 

560 



6M5 
881 
828 



90 

6 



47 

140 

35 

130 

1 

53 



41 

121 

12 

10 



71 
230 



Note: Production includes product manufactured which did not fall within 
the "A" Limits. 

the distribution specification. In the case of the 302BA and 320F retards, 
the lower yield of these coils was found to be due to machine variations 
which have been corrected. In the case of the 1507D uiductors, an addi- 
tional limitation is caused by the lack of fine enough machine pitch con- 
trol to permit proper manufacture of this coil. A new winding machine 
having adequate control is bemg provided to eliminate this condition. 

It has become apparent, as production has progressed, that the manu- 
facture of coils, such as are given in Table III, is gomg to remain a small 
lot business. Therefore, in all probability, the great majority of the pro- 
duction will be shipped by the three-cell method, with only a few cases 
of enough production to warrant the use of the Batch or Continuous 
methods where advantage can be taken of the samplmg procedures. 

3.3 application to capacitors 

3.31 SOO-Type Molded Mica Capacitors 

The 500-type molded mica capacitors have been one of the most 
difficult products to control within the requirements of the distribution 
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specification. This condition is inherent in the design and methods of 
manufacture of this type of product, as the process consists of an inte- 
grated group of manually-controlled operations. The following brief sum- 
mary of these operations will give a better appreciation of the diflBcultiea 
encountered in the control of a product of this type : 

3.311 Mica cut to size and silver coated 

A. Inspected for visual and mechanical dimensional defects. 

B. Laminations silver coated by silk screen process and fired. 

3.312 Assembly 

A. Laminations stacked by count and interleaved mth lead foil. In 
this state, the stack consists of laminations having multiple silvered 
areas. 

B. Dip-sealed in Bi-Wax to hold pileup firmly together for subsequent 
operations and excess wax pressed out of pileup. 

3.313 Sectioning 

A. Section the multiple stack of laminations by punch and die to 
provide individual capacitor pileups. 

3.314 Preliminary stacking to capacitance range 

A. Rough adjust the individual capacitor pileups by adding or re- 
moving single laminations to meet a broad capacitance range which is 
capable of adjustment. Terminals are then attached by crimping. 

3.315 Adjitsiing 

A. Adjust by scraping silver from outer layer of mica until capacitance 
is within ±0.2 mmf of specified value. 

3.316 Molding — Stabilizing 

A. Mold in mica-filled molding compound. 

B. Stabilize by temperature cycling. 

In a process of this type a number of individual operations combine to 
determine the final product capabihties. Control of distribution is diffi- 
cult since many of these operations tend to substantially modify the 
distribution obtamed in previous steps of the process. Figs. 9 and 10 show 



THE L3 SYSTEM — QUALITY CONTROL IN MANUFACTURE 



989 



the conditions encountered on two tj^es of these capacitors which have 
different capacitance tolerances. Studies indicate that the percentage of 
the product falling within the cell limits at the present time will vary 
from 40 to 80 per cent depending on the capacitance value and tolerance. 
Thus an expected merchandise loss of 20 to 60 per cent falling outside of 
allowable tolerance exists which, in addition to the units classified but 
not eligible to ship due to poor distribution of product among cells, 
creates a condition resulting in increased cost of the product. It is ex- 
pected, based on current methods and design, that the yield of the capac- 
itors shipped within the requirements of the distribution specification 
will be between 20 and 70 per cent of the product manufactured. This 
represents a situation in which the specification tolerances, the product 
design, and the manufacturing process capabilities are not compatible, 
but because of the design needs it is still necessary to meet the distribu- 
tion requirements. The use of the thi-ee-cell method makes this possible 
by the acceptance of relatively large shrinkages until improved manu- 
facturing methods and materials now under investigation are introduced. 
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Fig. 9 ^ A summarized frequency diatribution of a 43-mmf mica condenser at 

various stages of manufacture. 
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Fig. 10 — A summarized frequency distribution of a 310.5-mmf mica oondonBor 
at various stages of manufacture. 

3.32 Quartz Disc Capacitors 

The quartz disc capacitors are made by the addition of a silver coating 
to fused quartz discs which have been lapped to an exact thickness. The 
final adjustment for capacitance is obtained by the mechanical removal 
of small areas of the silver before the application of a protective finish. 
The nature of the manufacturing process and the quantities produced 
requires the three-cell method. A typical requirement is 9.8 ± 0.1 mmf 
which requires the measurement and classification of the product into 
cell widths of 0.067 mmf each. Capacitance measurements, including the 
use of reference standards, combined with careful adjusting procedures, 
have resulted in shipping approximately 99 per cent of the capacitors 
produced. 



3.4 BORO-CARBON RESISTORS 

3.41 Introduction 

The stringent requirements for L3 carrier line amplifiers and imped- 
ance matching and balancing networks prevented the use of commer- 
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cially available composition type resistors due to their high temperature 
coefficient and lack of stability. Fortunately a new unit, known as a 
boro-carbon resistor was under development and could be utilized. The 
boro-carbon films employed in this unit have a maximum temperature 
coefficient of resistance of 0.01 per cent per °C compared to ordinary 
deposited carbon films which may have an average temperature coeffi- 
cient of 0.03 per cent per °C. 

Two types of boro-carbon resistors covering approximately 45 re- 
sistance values are beuig produced for the L3 system. These types are 
the 200A resistors, held to a tolerance of ±3 per cent and the 200B re- 
sistor held to a tolerance of ±1 per cent. Both types are available in 
resistance values from 5 ohms to 9999 ohms inclusive. Of the 45 values 
used in L3 equipment, approximately 40 are of the 200A type and 5 are 
of tlie more precise 200B type. 

3.42 Manufacturing Procedure 

The core of the 200-type resistor consists of a high grade alkaline earth 
porcelain of special composition. The resistance film is produced by plac- 
ing the cores in a heated furnace containing a reducing atmosphere of 
hydrogen and injecting a combination of a hydro-carbon gas and boron 
trichloride into the furnace. Subsequently, cracking occurs depositing a 
thin film of boro-carbon over the surfaces of the cores. The resistance 
value of the film thus formed is dependent on the relative gas concentra- 
tions and the duration of exposure in the furnace. By suitable control, 
blanks having a resistance range from 5 to 250 ohms are produced. 
After removal from the furnace a band of silver paste, consisting of silver 
flake in a suitable binder, is applied to each end of the coated ceramic 
and liaked. These bands form the contact surfaces for the terminals. 

The resistors are next sorted into resistance groups preparatory to 
adjustment to the desired resistance value. Resistors having values be- 
tween 35 ohms and 50 ohms are used to produce the higher resistance 
values between 250 ohms and 9999 ohms. The resistors falling outside 
the 35 to 50 ohm range are held for simple adjustment by rubbing. 
The method used to obtain higher resistance values is to cut a helix 
through the carbon film using a diamond cutting wheel. Resistance values 
may be raised by as much as 1000 times by proper selection of the pitch 
of the spiral groove. 

After helixing, these resistors together with, those initially outside the 
35 ohm to 50 ohm range are fitted mth a lead assembly at each end. Final 
adjustment of the resistance value is obtained by abrading the entire 
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coated surface uniformly to reduce the coating thickness. An adjustment 
of 15 per cent increase may be obtamed by this means. After adjustment, 
resistors are given a protective coating, code marked and subjected to 
ten accelerated agmg cycles over a temperature range of — 50° C to 
85° C. 

3.43 Use of Control Charts 

Since the manufacturing processes are essentially common within 
certain ranges of resistance it has been found possible to maintain con- 
trol charts associated with the three-cell method for combinations of 
different values of resistance. In order to handle such combinations the 
characteristic under control is expressed as a percent deviation from 
the specified nominal. The control chart for averages then consists of 
averages of these percent deviations and the range chart is expressed 
in similar terms. This procedure permits a single chart to represent a 
large number of resistance values. 

Control charts are used at two points in the manufacture of the 200- 
type resistors. The first chart is applied to the resistance value after 
adjustment either by rubbing, in the case of lower values, or by the 
combination of helixing and rubbing used for the higher resistance 
values. 

Estimates based on preliminary studies predict that at half life this 
type of resistor will age upward by an average of 0.5 per cent. Man- 
ufacturing requirements for the nominal resistance values are set 0.5 
per cent low in order to com^pensate for this condition. 

The second chart is kept on the finished product after the accelerated 
aging cycles. This chart is also kept in terms of the percentage deviation 
from nominal. A comparison of the charts for the product after cycling, 
which represents the units which are candidates for stock, with those 
charts at the earlier resistance adjusting operation wUl show up changes 
in value due to processing. Appropriate changes in processing or adjust- 
ment bogies are made to obtain a more nearly centered value. 

3.44 Shipment of Product 

Although resistor production consists of a series of batch operations 
with each batch readily segregated and identified, the small quantities 
involved have resulted in the decision to package all of the product in 
accordance with the three-cell method. 

The use of control charts after adjusting and after cycling has resulted 
in a more uniform product for the 200A resistors than would have been 
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possible by conventional manufacturing techniques. Initial production 
experience indicated that the "natural tolerance" of the 200A resistor is 
better than the ±4 per cent "A" limit originally specified, and this limit 
was reduced to ±3 per cent. 

3.5 2504-TYPE TRANSFORMER 

The 2504-type transormer, due to its critical function in the operation 
of the L3 amplifier circuit, has necessitated the use of completely new 
materials and methods not usually associated with transformer pro- 
duction. For instance the windings of this transformer are formed by 
diamond grinding the threads in fused quartz forms upon which a silver 
coating is bonded by a firmg process. The grooves are then filled with 
electroplated copper, thus producuig a winding intimately bonded to 
the quartz forms. Since the whole manufacturing process is unique and 
must be controlled in each small detail, application of statistical quality 
control procedures is essential. 

Control of the leakage flux of this transformer, capacitance across the 
high impedance winding, and the capacitance to ground from the high 
potential terminal of its high impedance winding is of particular im- 
portance. To achieve the desired control of these characteristics, care 
must be taken to maintain a number of mechanical dimensions to toler- 
ances far more precise than those on any transformer previously made 
by the Western Electric Company. 

For example, the inner diameter of the quartz form, bearing the outer 
winding, is held to 0.7280 ± 0.0005 inches, while the thickness of the 
form between the inner diameter and the root diameter of the threads is 
held to 0.0310 ± 0.0005 inches. Dimensions of other component parts 
of the transformer must be held to comparable tolerances. To do this, 
it has been found necessary to keep all facilities — chemical, electrical 
and mechanical — under careful control at all times. 

The facilities provided for the machining of the component parts are 
such that all critical dimensions which affect the final overall electrical 
characteristics of the transformer are held to approximately one-third 
of the design tolerances. By this means, it is expected the resulting 
transformers produced will meet the desired distribution. In the initial 
stages of production, records are being kept on 14 mechanical dimensions 
on each unit, checking them at each critical state of manufacture. The 
use of extensive mechanical tolerance controls on the components of this 
transformer is necessitated by the non-adjustable nature of its design. 
If controls were not applied, it would be impossible to obtain the close 
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electrical uniformity required by the end product. By means of special 
circuits and testing techniques developed for electrically measuring the 
characteristics of this transformer it has been found possible to indicate 
microscopic variations in secondary mechanical dimensions not directly 
under control. 

The problem of bringing this transformer under control is not com- 
pletely solved. Progress to date in the analysis of the data obtained indi- 
cates that the mechanical variations of the parts have complex inter-rela- 
tions to the electrical requirements; however, manufacturing variations 
in the parasitic impedances mentioned above are being controlled to an 
order of magnitude better than on any transformer previously produced. 

3.6 VACUUM TUBES 

3.61 General 

Three new vacuum tubes, the 435A, 436A and 437A have been de- 
veloped for xise in the L3 amplifiers. These tubes were described in detail 
in an article appearing in The Bell System Technical Journal of October, 
1951.^ Two of them, the 435A and 436A are high transconductance 
tetrodes and the third tube, the 437A is a high transconductance triode. 
By applying the latest advances in design and in manufacturing tech- 
niques to tubes of conventional basic type, substantially higher levels of 
broadband amplifier performance have been realized. 

The key to improvement in broadband amplification lies in an increase 
in figure of merit or transconductance to capacitance ratio. Figure of 
merit is a direct measure of the bandwidth over which the required level 
of amplification can be obtained. In general a given increase in figure of 
merit can be directly reflected in a mder transmission band which will 
provide more communication channels. 

The higher transconductances and higher figures of merit obtained 
with the 435A, 436A and 437A over earlier broadband amplifying tubes 
are a direct result of advances in the art of manufacturing fine pitch grids 
of sufficient accuracy and rigidity to permit extremely close grid to 
cathode spacing. The basic objective is to provide a grid which can be 
placed very close to the cathode to act as a uniform potential plane con- 
trolling the cathode current without offering any physical obstruction 
to the passage of the current. This objective is approached by winding 
the grid with many turns of very small diameter wire. 

The conventional method of grid manufacture consists of mnding the 
grid lateral wire in a spiral around two side rods, usually of nickel. A 
groove is cut in the side rods at each point where the lateral crosses it 
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and the lateral is placed in this groove. The groove is closed by swagmg 
to fix the lateral in place. In the L3 tubes, the grid lateral wire is ap- 
proximately 0.0003" in diameter and the grid to cathode spacing is 
approximately 0.002". A ten per rent change in grid cathode spacing 
would result in a change in transeonductance of fourteen per cent. It is 
important, therefore, that the control grid be maintained very accurately 
to insin-e proper grid to cathode spacing. A conventional grid made with 
such small diameter lateral wire would not be self-supporting in the length 
of span required and could not be made with the accurate control of 
diameter needed. Since the size of lateral mre used and the close spacing 
of adjacent turns preclude notching and swaging, some other method of 
holding the laterals in place must be employed. Accordingly, a new type 
of grid construction is used. This consists of making a supporting frame 
from two large side rods joined together by cross straps located at the 
ends of the grid proper. On this rigid frame the fine lateral wires are 
wound. This frame type of grid was described in previous articles.^' ^ 
In the L3 grids, the lateral mres have been bonded to the support rods 
by a glass suspension sprayed along the edge of the support rods. This 
glass glaze is sintered at a temperature of approximately 700°C to hold 
the laterals firmly in place. The earlier design used a gold brazing opera- 
tion to secure the laterals. This brazing was done at a temperature of 
approximately 1070° C. The newer method at the lower temperature 
produces less stretching of the laterals and as a result higher residual 
tension is obtained. This is a distinct advantage in reducing noise and 
the possibility of grid to cathode shorts. 

With the new method of holding the laterals in place, the grids are 
gold plated after the glazing operation is completed. Gold plating is 
necessary in order to minunize thermionic emission from the grid wires 
due to the closeness of the grid to the hot cathode and the possibility 
that active cathode coating material may be deposited on the grid during 
processing and operation. 

3.62 Distribution Requirements 

Distribution requirements haved been place on transeonductance as 
well as the most critical inter-electrode capacitances, the input capaci- 
tance, C„,_to. , for the 435A and 436A tubes and the grid to plate capaci- 
tance, Cg-p , for the 437A. In the case of the 435A and 437A tubes, control 
of modulation is also required. Since transeonductance is of primary 
importance, this characteristic has been selected as the one which 
governs shipment of product. Inter-electrode capacitance and modula- 
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Table IV — Characteristics of Vacuum Tubes Studied 



435A and 436A 



Cathode current (/*) 
Grid-plate capacitance (Cg^_p) 
Plate-cathode, screen grid cap. (Cp-kg,) 
Grid-heater cap. (Co,-),) 
Heater-cathode, screen grid cap. (Ch-kot) 
Heater-plate cap. (Ci,-p) 



437A 



Plate current (/&) 
Plate resistance {Rp) 
Hoater-cathode cap. {Ch~k) 
Heater-grid cap. (C*-b) 
Heater-plate cap. {Ch~p) 
Grid-cathode cap. (Cg-k) 
Plate-cathode cap. (Cp_*) 



tion are subject to the requirements of the Eecords method previously 
described. 

In addition to the characteristics mentioned above, control charts 
were maintained on a number of other electrical characteristics at final 
test in order to determine process capabilities and to aid in setting final 
test specification limits. Among the characteristics that were studied 
were those given in Table IV. It was recognized at the beginning of 
production of these vacuum tubes that control of the test characteristics 
could not be achieved without similar control of the critical piece parts 
and processes going into the assembly of the tubes. Accordingly, control 
charts were started on the parts and processes, given in Table V, and 
have been maintained throughout the manufacture of the product. 

Production of vacuum tubes represents a complex interlinking of many 
separate processes, each of which is essentially a batch type of manu- 
facture. These batches vary considerably in size depending on the process 
or part involved. No part or process can usually be singled out as the 
controlling effect which would isolate one group of tubes from another. 
For example, a given lot of 100 tubes would probably be made from 
cathode blanks taken from a supplier's production run of 5 to 10 thou- 
sand parts. The cathode coating would be applied in batches of 50 to 
200 parts. The control grid side rods used in making the grid frames 
would have come from a production run of perhaps 5000 parts and the 

Table V — Parts and Processes on Which Controls Charts 

Were Used 

Cathode blank Outside diameter 

Coated cathode Outside diameter 

Control grid support rod Outside diameter 

Control grid wire diameter Unplated 

Gold thickness Control grid wire 

Control grid Minimum lateral resonance frequency 

Screen grid Minor axis, outside diameter 

Plate Inside diameter 
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fine grid wire used in winding the grid might be from a lot of 300 to 1000 
meters etched to size at one time. The mounts are generally sealed into 
their glass envelopes in lots of 50 to 200 and pumped in lots of approxi- 
mately 50 tubes. 

Suice the individual batches of parts and processing lots are of such 
different sizes, the final product does not result in groups of tubes that 
can he readily segregated into distmctive lots. As the tubes are assembled 
on a regular running basis the production is treated as bemg of a con- 
tinuous nature and the Continuous Production method is apphed. 
Mounts made from each week's production are identified by a serial 
numl)er and, at test, samples from each week's production are used in 
determining conformance to the requirements of the distribution specifi- 
cation. 

In the application of control charts to the L3 carrier vacuum tubes, 
the charts kept on the characteristics required by the test specification 
have been plotted against the C, D and E limits derived from the specifi- 
cations. The (iharts kept on the parts and on other test characteristics 
have control limits derived from the process capabilities. In some cases 
these natural lunits have been compatible with the original drawing 
limits and in others they have been at variance. Wherever incompati- 
bility was established, an attempt was made to im^prove the process or 
where correlation studies justified the action, agreement was reached 
with the design engineers to increase the drawing tolerances. 

3.63 Application of Control Charts 

3.631 Cathodes 

The cathodes used in the 435A, 436A and 437A are purchased from 
an outside supplier. A maximum variation from nominal of ±0.0002" 
was specified for the minor axis outside diameter. These limits are tighter 
than for any previous similar cathode used, the narrowest limits hereto- 
fore being ±0.0005". A control chart established on the first lot of 
cathodes produced for the 436A and 437A tubes indicated that a stand- 
ard deviation (tr) of 0.00021" was obtamable. The 3-sigma limits thus 
derived of ±0.00063" in addition to the displacement in the average (X) 
for the lot of +0.00026" represented a completely unsatisfactory con- 
dition. By selection of cathode blanks the nominal was reduced to 
0.03121", approximately equivalent to the maximum permitted by the 
drawing. A much narrower range resulted from this selection. The stand- 
ard deviation for selected cathodes amounted to 0.000066" corresponding 
to 3-sigma limits of ±0.00020". However, this distorted distribution 



.i^<„ ^ - , t iiiiiiiaii . - . -tte ii, I HI - , - , .^.^.^.^^ .-.:. ..-,„„f,^^, _r_ 



998 THE BELL SYSTEM TECHNICAL JOURNAL, JULY 1953 

was still unsatisfactory and attempts were made to obtain cathodes more 
nearly conforming to the design requirements. In the meantime a sizing 
operation was introduced in the shop to adjust the existing cathodes to 
size. By the additional sizing operation, the nominal value was reduced 
to 0.03102" almost exactly the desired value. However, the standard 
deviation of 0.00014" and 3-sigma spread of ±0.00042" were still twice 
the design intent. 

A second run of cathodes was obtained in which the average measured 
0.03099" and the 3-sigma limits were ±0.00021". This substantially 
fulfilled the design requirements but made it imperative that the average 
be held precisely at nominal. To avoid differences between measuring 
instruments an agreement was reached to use a common type of elec- 
tronic micrometer at both the suppliers' plant and the Western Electric 
Company. Control charts are kept by the supplier using a modification 
of the Continuous Production method outlined in the distribution speci- 
fication. The application of this procedure has resulted in maintaining 
close control of the averages. Correlation studies on tubes manufactured 
with these cathodes, have sho^ni that the limits for individual cathodes 
could be expanded to ±0.00033". 

3.632 CoaM Cathodes 

Three characteristics of oxide coated cathodes are particularly im- 
portant in producing adeciuate emissive qualities, satisfactory life and 
the close spacing required in the L3 carrier tubes. These characteristics 
are weight of coating, density and coated dimensions particularly length 
and minor axis. In order to ehminate cathode blank variations from the 
measurements, dummy cathodes of known weight and precise diameter 
are included with ea(^h spray rack load of 41 cathodes. Measurements of 
gain in weight and of the increase in diameter due to coating are made 
on these dummy cathodes. The density can be calculated from these 
measurements. In addition to the measurements made on the dummy 
cathodes, control charts are kept on coated length and coated diameter 
on sample cathodes from each coating lot. 

3.633 Cmitrol Grid 

Close control of the minor axis for the frame type of control grid used 
in all three tube types is obtained by precision manufacture of the molyb- 
denum side rods used in making the grid frame. The design specifications 
require a tolerance of ±0.0001" on the diameter of these rods. Adjust- 
ment of this diameter is obtained by tumbling the parts, which rounds 
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the ends of the rods at the same time to permit easy insertion of the grid 
in the support micas. Initial production was measured with a barrel 
micrometer read to the nearest 0.0001". The resulting data indicated 
a standard deviation of 0.00013". The 3-sigma limits of ±0.00039" were 
four times the desired spread. Some portion of this spread was undoubt- 
edly due to the measuring instrument which could not be read with 
sufficient precision. Subsequent production was measured with a Brown 
and Sharpe dial indicating barrel micrometer which was calibrated with 
standard gage blocks. Production measured under these conditions indi- 
cated the standard deviation to be 0.00007" for process limits of 
±0.0002". Fortunately, correlation studies indicated this tolerance to be 
acceptable. Control charts are kept on the product after the tumbling 
operation. The desii-ed average is maintained by sampling the side rods 
for diameter several times during the tumbling operation. 

The lateral wire used in winding the control grid is tungsten, etched 
to a diameter of 0.00029" ± 0.00001". The diameter of the wire is 
measured with a Bausch and Lomb metallurgical microscope equipped 
^nth a Filar eyepiece. The magnification used is approximately 450 X. 
Dming initial production, it was not certain that wire of this size could 
be obtained consistently to a given nominal value and a chart was pre- 
pared adjusting the specified mnding turns per inch to accommodate 
wire sizes from 0.00027" to 0.00032". 

Control charts kept on the ^vire diameter have shown that it is possible 
to make \nre consistently to a diameter of 0.00029 ± 0.00001". Correla- 
tion studies ha\-e been made comparing grids of various wire sizes and 
corresponding turns per inch against the related tube characteristics. 
From these studies it was determined that with wire controlled to 
0.00029" ± 0.00001", a single wdnding pitch for each tube could be 
substituted for the chart of turns per inch originally used. Subsequently, 
studies were made which enabled a common grid to be used in the 436A 
and 437A tubes. 

After winding, the grids are gold plated. The desired iiicrease in lateral 
vnve diameter as a result of plating is 20 micro inches mth limits of ±10 
micro inches. This measurement is also made with the microscope 
equipped with a Filar eyepiece. 

Considerable difficulty has been encountered with measurement of 
wire diameter. Variations between operators have been encountered as 
well as differences between successive readings made at the same point 
on the mre. This difficulty has been minimized by careful training of 
the operators and by taking several readings at each point and averaging 
them. 
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The difficulties with instrumentation encountered with measurements 
of gold plating thickness make it more difficult to establish the standard 
deviation of the process. By determining the standard deviation of the 
measuring method used, it appears that a value of 4 to 5 micro inches 
may be realized. This corresponds to 3-sigma limi ts of 12 to 15 micro 
inches. Fortunately, correlation studies have established that this control 
has resulted in tube characteristics which have more than met the test 
requirement. 

3.634 Screen Grids 

The screen grids used in the 435A and 436A tubes are of conventional 
design. The tolerance for minor axis diameter is dzO.OOl". The grids are 
first wound in strips on a mandrel which is shaped to the approximate 
dimensions of the desired finished grid. The strips are next degreased and 
given a preliminary heat treatment at 700° C for 5 minutes and then 
stretched longitudinally to straighten the side rods. The strips are then 
cut into individual grids and the loose grid lateral turns are trimmed from 
the ends. A heat treatment at 925° C for 15 minutes follows and finally 
the grids are sized, which consists of stretching the major axis on an 
expanding set of sizing blades to obtain the desired shape and size. 

It was felt that it would be difficult to control the minor axis around a 
desired nominal since so many operations took place between the win din g 
of the grid and the final sizing operation. Corrections for deviation of the 
center of the distribution usually consisted of slight changes in the 
amount of stretch imparted at the sizing operation and major corrections 
were usually attempted by a change in winding location on the tapered 
winding mandrel. 

Process capability studies revealed a parent distribution of approxi- 
mately ±0.001" which is within the specified tolerance but provides no 
allowance for shift in average from one lot to another. Successive lots of 
grids processed in the same manner showed a considerable shift in center 
of distribution, amounting to as much as ±0.0007". 

Studies were then made to determine the important variables which 
needed to be controlled in order to minimize the shift in average value. 
It was found that for a given spool of grid mre, considerable control of 
the process average could be obtained by careful attention to two points 
in the processing. The grid minor axis size varied directly as the tension 
of the lateral wire was increased at the winding operation. By variation 
in tension, as much as 0.0005" shift in process average could be obtained. 
Secondly, when a more precisely controlled heat treating oven was used 
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which employed a thermocouple in each heat treating boat, it was 
estabUshed that the final minor axis dimension varied inversely \vith the 
heat treating temperature. Temperatxires between 850° C and 1000** C 
could be used satisfactorily \vith a corresponding shift in process average 
of 0.0006". In Fig. 11(a) is shown the variation of grid minor axis with 
temperature and in Fig. 11(b) the variation of size with tension is 
indicated. 

A procedure was then set up which resulted in a more uniform grid 
production. Each time a new spool of wire is used, a group of 25 grids is 
wound using a standard value of tension. These grids are processed 
through final sizing using 925° C for heat treatment and the standard 
sizing blades. The distribution of these 25 grids is then plotted. The 
position of the average is noted and correction is made for displacement 
of the average by a change in winding tension, a change in heat treating 
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temperature or a combination of both. Homogeneous lots of grids, are 
next run from this spool of iv-ire and are processed tip to the sizing opera- 
tion using the same standard conditions. This test lot of 25 grids is run 
whenever a new spool of mre is introduced. 

The first few grids from each lot are sized on the standard sizing blades 
and checked against a reset-run chart, a form of sequential analysis. 
The set-up is satisfactory if the distribution of the minor axis dimension 
is found to be within 1-sigma (0.0003") of nominal. If grids pass the 
reset-run chart the balance of the lot is sized on the standard blades. 
If the sample does not conform to the reset-run chart, a final correction 
is made by substituting a larger or smaller set of sizing blades as required. 

The distribution of the minor axis after sizing is plotted on control 
charts. A sample of 5 grids is taken from each tray of 36 grids and X 
and B plotted. If in control the lot is passed. If out of control, the lot 
is 100% inspected and packaged into three cells. The grids are then 
shipped to the mount assembly line in the usual 1-3-1 or 0-5-0 distribu- 
tion. By application of the above controls of processing, variation in the 
process average from lot to lot has been reduced to ±0.0003". 

In order to keep an accurate record of the grid lots, relating the pro- 
cesses used to the resulting grid distribution, a special lot ticket has been 
developed. This ticket contains information such as specified tension 
and temperature along mth the reset-run chart and XR chart. A ticket 
of this type accompanies each lot of grids through processing. 

3.635 437 A Plate 

Since the 435A and 436A are tetrodes, the dimensions of the plate in 
these tubes are not nearly so critical as for the 437A tube, a triode. In 
the 437A, the plate assembly is made up of two sections ^velded together 
on a mandrel. An air press sizing operation is employed to control the 
inside diameter of the assembly. The drawing requirement for the plate 
assembly minor axis inside dimension was set at 0.0750 ± 0.0005". 
Initial production was measured using a tool maker's microscope sighted 
on the edge of the plate assembly. Misalignment of the part under the 
microscope and burrs on the edge of the material contributed to variation 
in the measured values. In addition, the measurement was made at the 
edge of the assembly rather than the center which was desired. Results 
of measurements made with the tool maker's microscope are shown on 
the first portion of Fig. 12. The plate assemblies appeared to be oversize, 
although this was at variance with electrical test results on the tubes 
made from these parts. The standard deviation of O.OOIOI" and 3-sigma 
limits of 0.00303" were entirely too mde to meet the design intent. 
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FiR. 12 — A control chart showing the results of using different methods of 
measuring the minor axis of plate assembly of the 437A vaeuum tube. 

A change was introduced in measuring technique at this point. The 
Iilate assemlilies were measured at the center with a liarrel micrometer. 
The thickness of the material was determined for each sample and sub- 
tracted to obtain the inside dimension. The point at which the new 
measuring method was introduced is indicated on Fig. 12. It ^^ill be noted 
that the average value shifted downward when the change in measuring 
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was introduced, although no change in the assembly process was made. 
The standard deviation of 0.00090" and 3-sigma limits of 0.00270" al- 
though better than obtained with the tool maker's microscope were still 
unsatisfactory. Based on the new average X for the process, a shift in 
welding mandrel was made directed at producing an average nearer to 
the 0.0750" value desired. The new welding mandrel was provided with 
heavy spring clips to hold the plate sections in position during assembly. 
A very uniform product resulted from this tool. The third portion of Fig. 
12 represents production of plate assemblies usuig the new welding 
mandrel. The average X of 0.07495" was almost exactly that desired and 
the standard deviation of 0.00035" and 3-sigma limits of 0.00106" proved 
satisfactory and a change in the specification was introduced. 

3.64 Filial Test Characteristics 

The controls kept on the critical parts as well as on many other parts 
of comparatively lesser importance have resulted in distribution of end 
requirements that have been well ^\ithill the tolerances in the test speci- 
fications. In several cases the process average was found to differ from 
the nominal value specified. An analysis of the control charts enabled 
the design and manufacturing engineers to arrive at mutually acceptable 
adjustments of either the process or the test specifications. Where satis- 
factory performance would be obtained and the shift could be justified 
on the basis of control chart records, the specified nominal was adjusted 
to conform with the process average obtained. At the same time narrower 
limits, assuring a more uniform product to the L3 amplifiers, were 
adopted wherever it became evident that these were within the process 
capabilities. 

4.0 Conclusions 

The quality control methods described in this paper provide practical 
assurance that the selected characteristic of any component will have 
an acceptable distribution centered close to the specified nominal value. 
In this application, various statistical quality control techniques are an 
actual part of the product specification. The additional effort required 
in the application of such procedures is compensated for in part by the 
valuable assistance they provide in controlling the manufacture of the 
product. The procedures provide: 

1. Means for determining compatibility of the product specification 
and the manufacturing process capabilities including the accuracy and 
stability of measuring facilities. 
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2. Useful techniques for impro\'ing manufacturing processes and for 
indicating the need of replacement or repair of worn tools and machines 
in the factory. 

3. A device for promptly focusing attention on deviations due to 
changes in raw material or components. 

All of these items are useful to both the design and manufacturing 
engineer in evaluating the relationship between the product design and 
the manufacturing and testing facilities. 

The relatively small number of L3 amplifiers produced to date and the 
introduction of product design changes and modifications in manufactur- 
ing methods, which are inevitable during the early production period of 
a complex product of this nature, make it impossible to form final con- 
clusions relative to the correlation between the distributions of related 
characteristics of the components and the final amplifier. Experience 
indicates, however, that these methods are of considerable assistance to 
the factory during the introduction of new designs of products of this 
nature and should, in addition, become a permanent and useful part of 
the production of products having such critical requirements. 
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